Necrotizing enterocolitis (NEC) is a devastating disease of premature infants characterized by severe intestinal necrosis and for which breast milk represents the most effective protective strategy. Previous studies have revealed a critical role for the lipopolysaccharide receptor toll-like receptor 4 (TLR4) in NEC development through its induction of mucosal injury, yet the reasons for which intestinal ischemia in NEC occurs in the first place remain unknown. We hypothesize that TLR4 signaling within the endothelium plays an essential role in NEC development by regulating perfusion to the small intestine via the vasodilatory molecule endothelial nitric oxide synthase (eNOS). Using a unique mouse system in which we selectively deleted TLR4 from the endothelium, we now show that endothelial TLR4 activation is required for NEC development and that endothelial TLR4 activation impairs intestinal perfusion without effects on other organs and reduces eNOS expression via activation of myeloid differentiation primary response gene 88. NEC severity was significantly increased in eNOS −/− mice and decreased upon administration of the phosphodiesterase inhibitor sildenafil, which augments eNOS function. Strikingly, compared with formula, human and mouse breast milk were enriched in sodium nitrate-a precursor for enteral generation of nitrite and nitric oxide-and repletion of formula with sodium nitrate/nitrite restored intestinal perfusion, reversed the deleterious effects of endothelial TLR4 signaling, and reduced NEC severity. These data identify that endothelial TLR4 critically regulates intestinal perfusion leading to NEC and reveal that the protective properties of breast milk involve enhanced intestinal microcirculatory integrity via augmentation of nitrate-nitrite-NO signaling.
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neonatal inflammation | prematurity | infant formula | neonatal nutrition | sepsis N ecrotizing enterocolitis (NEC) is the leading cause of death from gastrointestinal disease in the premature infant and is gradually increasing in frequency (1) . The defining pathological feature of NEC is the presence of patchy areas of ischemia and necrosis of the small and large intestine (2) . Although prematurity is the leading risk factor for NEC development, breast milk administration has been identified as the most important protective strategy (3) . Importantly, the mechanisms that lead to the acute development of intestinal necrosis in the premature intestine and factors within breast milk that may prevent NEC remain largely unexplored.
In seeking to understand the underlying biological mechanisms that lead to NEC, we and others have identified a critical role for the innate immune receptor toll-like receptor 4 (TLR4) in NEC pathogenesis, because mice deficient in TLR4 showed reduced mucosal inflammation and reduced intestinal necrosis in experimental NEC (4, 5) . Microcirculatory perfusion of the premature intestine is primarily regulated by the vasodilator nitric oxide (NO), which is generated through the activity of endothelial NO synthase (eNOS) (6) . Recent studies have shown that NO can also be generated through conversion from sodium nitrite within the diet through the activity of commensal microbes (7) . Given that TLR4 is expressed on endothelial cells (8), we now hypothesize that TLR4 signaling within the endothelium plays an essential role in the pathogenesis of NEC by reducing blood flow to the small intestine through impaired eNOS signaling. We further hypothesize that breast milk protects against NEC development by augmenting eNOS signaling, enhancing intestinal perfusion, and thus limiting the deleterious effects of endothelial TLR4 activation and reducing NEC severity.
Results

TLR4 Signaling in Endothelium Is Required for Development of
Experimental NEC. To evaluate directly whether TLR4 signaling within the endothelium is important in NEC pathogenesis, we generated mice selectively lacking TLR4 on endothelial cells, by first generating Tlr4 loxP mice (9), which were then bred with Angiopoietin receptor, (Tie2) mice transgene insertion 12, Richard A Flavell (B6.Cg-Tg[endothelial specific receptor tyrosine kinase (Tek)-cre]12Flv/J) to generate the homozygous TLR4
Δendoth strain. TLR4 Δendoth mice were found to be healthy and fertile and to produce offspring in accordance with expected Mendelian genetics. In parallel, we also generated mice in which TLR4 had been deleted from the intestinal epithelium, as we have recently described (9) .
Because reliable anti-TLR4 antibodies are not available for immunohistochemistry, we confirmed that TLR4 was selectively removed from endothelial cells using alternate approaches. First, we generated a reporter strain, Tlr4 ], and we observed a markedly different pattern of GFP expression, which corresponded to the smooth outlines of the enterocyte membranes (yellow indicates staining of TLR4-deficient enterocytes; Fig. 1 A, iii and iv). We next purified mouse intestinal microvascular endothelial cells (MIMECs) according to the technique of Ogawa et al. (10) from wild-type, TLR4
−/− , and TLR4 Δendoth mice, along with peritoneal macrophages, and evaluated the expression of TLR4 on single cell suspensions by RT-PCR and flow cytometry. As shown in Fig. 1 A, v, both endothelial cells and peritoneal macrophages that were harvested from wild-type mice expressed TLR4, yet neither cell type expressed TLR4 when harvested from TLR4 −/− mice. Importantly, macrophages, and not endothelial cells, that were harvested from TLR4 Δendoth mice were found to express TLR4 by flow cytometry (Fig. 1 A, 
vi). Macrophages obtained from TLR4
Δendoth mice also demonstrated a robust proinflammatory response after exposure to the TLR4 ligand lipopolysaccharide (LPS) (Fig. 1 A, vii) , confirming that TLR4 is selectively deleted from endothelial cells and is preserved in macrophages.
To evaluate the role of endothelial TLR4 in the pathogenesis of NEC, we next subjected wild-type and TLR4
Δendoth mice to an established model of NEC, consisting of 4 d of hypoxia and formula gavage (11) . As shown in Fig. 1 B and C, NEC severity was significantly reduced in TLR4
Δendoth mice compared with wild-type mice, as manifested by the relative preservation of the mucosal architecture (Fig. 1 B, i-iv) , a reduction in the degree of intestinal ischemia and necrosis ( Fig. 1 B, v-viii) , reduced pathological severity score (Fig. 1C) , decreased enterocyte apoptosis as determined by reduced expression of cleaved caspase 3 (Fig.  1D) , and reduced expression of the proinflammatory cytokine IL-6 within the intestinal mucosa (Fig. 1E) . Having identified a requirement for TLR4 signaling in the endothelium in NEC pathogenesis, we next sought to evaluate the mechanisms involved.
TLR4 Activation Within the Endothelium Impairs Perfusion of the
Newborn Intestine in the Pathogenesis of NEC. We next sought to investigate whether TLR4 activation in the endothelium could directly regulate blood flow into the intestinal microcirculation. To do so, we first performed intestinal microangiography in newborn mice, in which the distribution of a fluorescent tracer (tomato lectin) was assessed by whole-mount confocal microscopy on freshly harvested sections of the terminal ileum 5 min after intracardiac injection of tomato lectin (12) . Tissues were costained 
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villin-mG(enterocytes) (iii and iv) mice. Green expression reveals endothelial cells (arrows, i and ii), and yellow indicates enterocytes (arrows, iii and iv) in which TLR4 has been deleted according to the breeding strategy described in Materials and Methods. Shown in ii and iv are magnifications corresponding to the regions outlined in i and iii, respectively. Δendoth mice that were either breast-fed or subjected to experimental NEC as indicated. *P < 0.05 vs. wild-type breastfed controls; **P < 0.05 NEC in TLR4 δendoth vs. wild-type mice.
Results are representative of three separate experiments.
with the endothelial marker platelet endothelial cell adhesion molecule 1 (PECAM-1) (CD31) to identify the architecture of the endothelial network within the lamina propria of the small intestine. Shown in Fig. 2 A-C are representative confocal images that were obtained in an en face orientation (lumen facing upward) from mice in the presence or absence of the TLR4 ligand LPS. As shown in Fig. 2 A, i-iv and D, in wild-type mice, LPS significantly reduced the perfusion of the villi as manifested by reduced fluorescence emission of tomato lectin (Fig. 2 A, ii vs. iv), despite overall preservation of the expression pattern of PECAM-1 ( Fig.  2 A, i vs. iii). The administration of LPS to TLR4 −/− mice did not reduce perfusion (Fig. 2 B and D) , illustrating the importance of TLR4 signaling in the reduction in microvascular perfusion. Importantly, LPS did not impair perfusion of the intestinal microcirculation in TLR4
Δendoth mice (Fig. 2 C and D) , confirming the critical role of TLR4 signaling on endothelial cells in negatively regulating perfusion of the intestinal microcirculation.
In seeking to define how TLR4 signaling in the endothelium could regulate intestinal perfusion, we observed that LPS significantly reduced the expression of the vasodilatory molecule eNOS in endothelial cells from wild-type mice, whereas in TLR4 Δendoth mice, eNOS message and protein levels were unchanged in the intestinal endothelium after LPS treatment, as confirmed by quantitative RT-PCR (qRT-PCR) (Fig. 2E ) and SDS/PAGE (Fig. 2F) . These findings raised the intriguing possibility that TLR4 regulation of eNOS activity in endothelial cells could account for the effects of TLR4 activation on the intestinal endothelium on intestinal perfusion, as will be explored further below.
We next investigated whether TLR4 signaling within the endothelium could trigger a reduction in perfusion of the intestinal microcirculation and thus lead to the development of NEC. As shown in Fig. 3 A, i-iv and D, the perfusion of the intestinal microcirculation was significantly reduced in experimental NEC in wild-type mice, consistent with the ischemic appearance of the intestine that we observed in Fig. 1B and in agreement with recently published reports (12) . It is noteworthy that the reduction in blood flow in NEC was restricted to the intestine, because microcirculatory blood flow was normal in the kidney and pancreas under conditions of NEC induction (Fig. 3 A, v-viii and D). By contrast, perfusion was not reduced in TLR4
Δendoth mice that were subjected to experimental NEC and, in fact, was comparable to the breast-fed control mice of both strains ( Fig. 3 B and D) .
Intestinal perfusion was maintained in TLR4
Δvillin mice that were subjected to experimental NEC ( Fig. 3 C and D) , illustrating the important cross-talk between TLR4 signaling in the endothelium and intestinal epithelium in regulating intestinal perfusion in NEC. In assessing whether a TLR4-mediated reduction in vasodilatory eNOS within the endothelium could occur in the development of NEC, the expression of eNOS was reduced in the intestine of wild-type mice subjected to NEC but not in TLR4
Δendoth or TLR4 Δvillin mice (Fig. 3 E and F) . The expression of eNOS was also significantly reduced in human intestinal tissue resected for NEC compared with fetal tissue at the same gestational age; these levels were reversed in intestine that was obtained from human tissue after NEC had resolved at the time of stoma closure (Fig. 3G) . Together, these data strongly indicate that TLR4 signaling in the endothelium regulates perfusion of the microcirculation of the intestine in the pathogenesis of NEC and, further, demonstrate that TLR4 signaling in the endothelium leads to a reduction in eNOS.
eNOS Deficiency Increases NEC Severity, Whereas TLR4 Activation Reduces eNOS Expression in Microvascular Endothelial Cells via Myeloid Differentiation Primary Response Gene 88. To define whether the TLR4-mediated eNOS deficiency may play a role in NEC pathogenesis directly, we subjected eNOS-deficient mice to experimental NEC. As shown in Fig. 4 , eNOS-deficient mice developed an extremely severe form of NEC (Fig. 4 A, i-iv and C) , which developed 1 d earlier in the model and was manifested by increased cytokine induction and mucosal disruption compared with wild-type counterparts with NEC (Fig. 4 A and C) . By contrast, the daily supplementation of wild-type mice with the phosphodiesterase-5 inhibitor sildenafil, which leads to vasodilation by maintaining intraluminal NO activity (13), markedly reduced NEC severity (Fig. 4 B and C) . We therefore next sought to define the mechanisms by which TLR4 reduces eNOS expression within MIMECs. As shown in Fig. 4 D and E, i-iii, treatment of mice with LPS significantly reduced eNOS expression in isolated endothelial cells compared with endothelial cells isolated from saline-treated mice, which was consistent with the in vivo findings shown in Fig. 2E . By contrast, LPS did not reduce the expression of eNOS in endothelial cells obtained from either TLR4 −/− or TLR4 Δendoth mice, confirming the importance of TLR4 in this process (Fig. 4 D and E, i-iii) . TLR4 is known to signal through both Myeloid differentiation primary response gene 88 (MyD88) and Toll/interleukin-1 receptor domain-containing adapter-inducing interferon-β (TRIF), resulting in divergent downstream responses (14) . As shown in Fig. 4 E, iv, LPS injection did not cause a reduction in eNOS expression in endothelial cells that were obtained from MyD88 −/− mice but did cause a reduction in endothelial cells obtained from TRIF −/− mice (Fig. 4 E, v) , indicating that MyD88 is responsible for the LPS-mediated reduction in eNOS expression, whereas TRIF is dispensable for it. In further support of the importance of MyD88 in mediating the TLR4 effects on eNOS in endothelial cells, inhibition of the MyD88 downstream molecule NF-κB by using (E)3-[(4-Methylphenyl)sulfonyl]-2-propenenitrile (BAY 11) (15) also prevented the reduction in eNOS expression in response to LPS (Fig. 4 E, vi) . Perfusion of the newborn intestine may be regulated to a lesser degree by the vasoconstrictor endothelin-1 (ET-1) (16), which we found to be increased in response to TLR4 signaling in endotoxemia and NEC, in a reciprocal manner to that of eNOS (Fig. S1) . Together, these studies illustrate that TLR4-MyD88 signaling is required for the reduction in eNOS expression in mesenteric endothelial cells.
Breast Milk-Derived Nitrite Increases Perfusion of Intestinal
Microcirculation and Reduces Severity of NEC. We next sought to determine whether breast milk could protect against NEC development by restoring intestinal perfusion and, if so, whether the positive effects of breast milk occurred through protective effects on NO signaling. Previous authors have shown that the vasodilatory molecule NO is generated not only from the activity of eNOS (17)-which we have shown to be reduced upon TLR4 activation (Figs. 2-4) -but is also produced from the conversion of dietary nitrate (NO 3 − ) to nitrite (NO 2 − ) through the activity of enteral commensal bacteria (7) . Strikingly, as shown in Fig. 5A , infant formula that is used to induce experimental NEC lacks sodium nitrate compared with mouse and human breast milk. These findings raised the exciting possibility that the lack of nitrate in the infant formula could limit the extent of available NO and thus lead to the development of NEC in conditions in which eNOS expression was reduced by TLR4 and, further, that the administration of exogenous sodium nitrate or its active metabolite nitrite could reverse the impairment in microperfusion of the intestine and attenuate NEC severity. To test these possibilities directly, newborn mice were administered sodium nitrate at two concentrations-including the concentration measured within breast milk-with each feed of the 4-d model, and the degree of NEC severity were assessed. As shown in Fig. 5 , administration of sodium nitrate within the formula significantly reduced NEC severity (Fig. 5 B and C) . Importantly, the administration of sodium nitrite-which is known to serve as a vasodilator upon conversion from nitrate-also significantly reduced the severity of NEC (Fig. 5 C, i and ii and D, i and ii). The reduction in NEC severity after the administration of nitrite correlated with a marked improvement in the degree of perfusion of the intestinal microcirculation, as shown in Fig. 5 E, i- iii, which was comparable to breast-fed mice (compare with Fig. 3 A and C) , and had no effect when administered to the TLR4 Δendoth mice (Fig. S2) , in which eNOS expression was not reduced in NEC. These findings demonstrate that nitrate-nitrite-NO signaling can restore intestinal perfusion and attenuate the severity of NEC and also provide mechanistic insights to explain the protective effects of breast milk in this devastating disease.
Discussion
We now demonstrate that activation of endothelial TLR4 is required for the development of NEC, which occurs via a TLR4-mediated reduction in intestinal perfusion through reduced eNOS signaling. The present findings provide a unique extension to our recent studies showing that TLR4 signaling in the intestinal epithelium is required for NEC development (9) by addressing the critical question as to how intestinal ischemia in NEC occurs in the first place. Given the current observation that mice in which TLR4 had been deleted from the intestinal epithelium (TLR4 Δvillin ) also had normal intestinal perfusion when subjected to experimental NEC, these findings raise the intriguing possibility that TLR4 signals first within the intestinal epithelium-where bacteria rich in TLR4 ligands are first encountered-which is then followed by activation within the endothelium leading to NEC. In support of this paradigm, we have demonstrated that TLR4 activation within the epithelium promotes bacterial translocation in two ways: by disrupting the intestinal barrier through increased enterocyte apoptosis and reduced mucosal repair (5, 11) and through direct transcellular passage in which TLR4 mediates the uptake of TLR4 ligands by enterocytes (18) . The subsequent activation of TLR4 within the endothelium then results in the impaired perfusion of the subjacent intestinal microcirculation through a reduction in eNOS, which leads to intestinal necrosis and the development of NEC. In further support of this model, the microcirculatory perfusion of remote organs, including the kidney and pancreas, were unaffected in experimental NEC, indicating the importance of the local effects of bacterial translocation on impairing perfusion of the nearest (i.e., intestinal) vascular bed. The present study may also serve to further explain the unique susceptibility of the premature infant for the development of NEC, given the observation by ourselves and others that TLR4 expression within the premature intestine is significantly elevated compared with that in full-term infants (9, 19, 20) , which we now show to be deficient in eNOS (Fig. 3) . Together, these results highlight how NEC develops through exaggerated TLR4 signaling in the premature newborn intestine.
One of the most important findings of the present study is the explanation that breast milk may exert its protective effects against NEC in part through its previously unrecognized vasodilatory effects by virtue of its rich levels of nitrate that are markedly deficient in standard infant formula (Fig. 5) . NO has been shown to be generated from the conversion of the nitrate anion (NO 3 − ) from sources in the diet-in this case from breast milk-to nitrite (NO 2 − ) through the activity of enteral commensal bacteria (21) . Nitrite is subsequently reduced to form NO through reactions with various nitrite reductase systems, which provide a major source of NO that bypasses the dysfunctional NO synthase (22) . The present studies therefore serve to extend the explanation of the beneficial benefits of breast milk in NEC-which have previously been attributed to rather nonspecific immunomodulatory effects and to the rich concentration of growth factors-by identifying a unique effect on perfusion of the newborn mesentery through the generation of NO. Although future studies will be required to determine the relative role of the mucosal vs. circulatory effects of breast milk in the premature infant, as well as to define the exact metabolic processes by which sodium nitrate is converted to NO within the newborn intestinal tract, the present findings strongly support the conclusions that a lack of nitrate in normal infant formula is a predisposing factor to the development of NEC and that nitrate within breast milk protects against NEC development.
In summary, we provide direct evidence for a unique role for TLR4 within the endothelium in the regulation of perfusion of the intestinal microcirculation in the pathogenesis of NEC. Further, the increased abundance of nitrate in breast milk as opposed to infant formula, and the increased perfusion of the intestinal microcirculation and protection from NEC that was obtained when formula was supplemented with sodium nitrate, provide unique insights into the protective mechanisms of breast milk against this disease. Together, these findings provide unique insights into the TLR4-mediated regulation of perfusion in the pathogenesis of NEC and open doors for its possible therapy.
Materials and Methods
Assessment of Perfusion of Intestinal Microcirculation in Newborn Mice. Intestinal perfusion was assessed in newborn mice in an adaptation of the technique of Besner and colleagues (12) . In brief, newborn mice were injected with 1 mg/mL fluorescein-labeled tomato lectin (Vector Laboratories; 10 μL/g) for 5 min, and the terminal ileum was freshly harvested, then stained with the endothelial cell marker PECAM-1 (BD Biosciences), and evaluated by whole-mount confocal microscopy as described (23) to evaluate PECAM-1 and tomato lectin fluorescent emission. Images were compiled by using Imaris (Version 7.4; Bitplane AG). In parallel, sections of freshly harvested kidney or pancreas were processed as described above. Perfusion was quantified by using the villus perfusion index (VPI) as the sum of tomato lectin fluorescence within the mucosal vasculature divided by the volume of the mucosal vasculature within the imaged tissue as described.
Statistical Analysis. All experiments were repeated at least in triplicate. For experiments of endotoxemia, at least 3 mice per group were assessed; for experiments of NEC, >10 mouse pups per group were included, and strainspecific litter-matched controls were included in all cases. Statistical analysis was performed by using ANOVA, χ 2 , or two-tailed Student t test for comparisons as appropriate using SPSS software (Version 13.0). In all cases, statistical significance was accepted at P < 0.05 between groups.
